Abstract : Among the existing global observing sensors, such as Terra/MODIS , NOAA/AVHRR, ADEOS-II/ GLI, with a large field of view, there is a need to take Bidirectional Reflectance Distribution Function (BRDF) effect into account when using data of these sensors to analyze. For estimating the global NPP (Net Primary Production) from the spectral data of global observing sensors, and improving the accuracy of this estimation method simultane ously, it is necessary to know how this method was affected by BRDF effect, especially in the sensor's observation conditions. Using a Japanese cedar forest as the objective and a semi-empirical kernel-driven BRDF model (the RossThick-LiSparse model), this study analyzed BRDF effects on NPP estimation . The BRDF data of the forest used in this study were measured by a sensor onboard a radio-controlled helicopter with bidirectional reflectance factors (BRF) observations in July 2002. After validating the application of Ross-Li BRDF model to Japanese cedar forest, parameters of this model for the Japanese cedar forest were obtained , and used to retrieve reflectance for the nadir view and nadir illumination. With the retrieved reflectance, for the cedar forest, NPP estimations were affected by BRDF effects of approximately 11% under the GLI simulated observation conditions . This study also sought to validate the NPP estimation algorithm based on the pattern-decomposition-based vegetation index (VIPD) and photosynthetically active radiation (PAR) for multi-spectral sensor data. From the retrieved reflectance, the NPP of the study forest was estimated to be 0.36 kgCO2/m2/month. For comparison , forest surveys at the same study site have been conducted since the BRF observation. Using the ground-measured data, NPP was estimated to be 0.32 kgCO2/m2/month, which is in agreement with the preliminary result.
. Introduction
The expansion and development of human activ ities have been accompanied by the tremendous consumption of fossil fuels, resulting in global envi ronmental changes. Global warming, caused mainly by carbon dioxide from fossil fuel combustion, is perhaps the most serious problem humankind faces today. Research and development on solutions to the global warming problem include the control and decrease of CO2. Because vegetation has the ability to absorb CO2 emitted to the atmosphere, research on the net primary production (NPP) of vegetation is necessary. NPP has been estimated by several models, including climate models (Leith, 1973; Uchijima and Seino, 1985) and ecological models (Monsi and Saeki,1953 ; Potter et al., 1993) based on data observed by the International Biological Pro gram (IBP). Currently, satellite observations can be used to monitor global vegetation, including vegeta tion coverage and activity (Potter et al., 1993; Huete et al., 1999; Awaya et al., 2004) .
When estimating NPP from the data of satellite sensor, the normalized difference vegetation index (NDVI) is widely used, which is calculated from two reflectance channels : the visible red and near infrared. To utilize the data from the multi-band sensor effectively, such as ADEOS-II/GLI, Terra/ MODIS, a vegetation index (the VIPD) (Furumi et al., 1998 , Hayashi et al., 1998 has been developed to estimate NPP, based on the pattern decomposition method (PDM : Fujiwara et al., 1996; Muramatsu et al., 2000; Daigo et al., 2004) . With this index, the VIPD-based photosynthesis model was proposed to estimate photosynthesis and NPP, which is based on laboratory-measured leaves and canopy reflectance and photosynthesis (Furumi et al., 2005a) . The esti mated NPP by using this model and ground mea sured data agreed within the error at sparse vegeta tion in Mongolia by Xiong et al. (2005) with Landsat ETM+ data.
Landsat ETM+ has a field of view 5.7° for local area observation, but for global observations, many sensors have a very large field of view, such as the field of view of Terra/MODIS, NOAA/AVHRR, ADEOS-II/GLI is 55ß, 55ß, and 45ß, respectively. The need for taking bidirectional reflectance distribu tion function (BRDF) effects into account in these global observing sensors data analysis, such as NPP estimation, is increasing being recognized (Wanner et al., 1995) . When evaluating BRDF effect on NPP estimation or retrieving reflectance without BRDF effect, the suitable BRDF model is necessary. BRDF models are divided into three categories : empirical, semi-empirical, and physical. For fast computation requiring only a limited number of observations, semi-empirical BRDF models are regarded as robust models (Wanner et al., 1995) . The kernel driven model is one traditional semi-empirical model and is applicable to any kind of land cover (Hu et al., 1997) , and this model has also been proposed for BRDF/albedo processing of data from the Moderate Resolution Imaging Spectro radiometer (MODIS) sensor of NASA's Earth
Observing System (EOS ; Lucht et al., 2000) . As one of the kernel driven models, the reciprocal RossTh ick-LiSparse (Ross-Li) model, has shown good applications for various vegetations, including steppe grass and spruce forests (Wanner et al., 1997) .
This research focused on analyzing the BRDF effect on NPP estimation of a typical Japanese cedar forest which is distributed widely throughout Japan. To realize it, bidirectional reflectance factor (BRF) observations were held to obtain the BRDF data of this forest by the sensor loaded on a radio controlled helicopter. There is a need to validate the application of the Ross-Li BRDF model to a Japanese cedar forest by using these BRDF data and obtain the retrieved reflectance without BRDF effect. And then the NPP of this forest can be estimated from VIPD with the retrieved reflectance.
For validating the result of NPP, namely, the appli cation of this VIPD-based NPP estimation model to Japanese cedar forest, the estimated NPP of the forest from VIPD is compared with the estimated NPPs from NDVI and from ground-measured data.
Finally, as the work of the GLI sensor scientific researches, this paper also demonstrates the BRDF effect on NPP estimation of the objective under the simulated ADEOS-II/GLI observation conditions.
Analysis Method
The Ross-Li BRDF model is formulated so that bidirectional reflectance is a linear combination of three terms weighted by three parameters (Ross, 1981; Li and Strahler, 1992; Roujean et al., 1992; Wanner et al., 1997) : an isotropic function fiso accounting for bidirectional reflectance for the nadir view and overhead sun, a volume scattering .fvoi function based on radiative transfer accounting for reflectance by a collection of randomly-disper sed facets, and a geometric function fgeo accounting for the effects of shadows and the geometrical structure of protrusions from a background surface as follows : 
where ƒÌ is the phase angle of scattering, and is written as
Kgeo is the Li-Sparse kernel assuming a sparse ensemble of surface objects casting shadows on a Lambertian background as follows : Lucht et al (2000) .
NPP estimation methods
In this study, for the same Japanese cedar forest, The GLI has a spectral range of 375 to 12,500 nm.
The helicopter based sensor (for the BRF observa tions) had a wavelength range of 520 to 920 nm.
Thus, five GLI bands were selected for NPP estima tions. The center wavelengths of these five bands were 545, 678, 710, 763, and 865nm, respectively. The scanning angle of the GLI was 0-45ß. Figure 7 The relationship between the original reflectance and reflectance computed by the Ross-Li model using the BRF observations. The asymptotic standard errors were 1.3, 1.1, 1.5, 1.6, and 1.6% for bands 8, 13, 15, 17, and 19, respectively. 
NPP estimation
The retrieved reflectances (fiso) shown in Table 1 were then used to calculate the NDVI (defined by Eq. (17)) and the VIPD (defined by Eq. (15) As noted above, the sum of the photosynthetically active radiation PAR(t) for one month (July 2002) was 539.09 MJ/m2. Using equations (18) and (17), the NDVI was calculated as 0.82, and NPP was esti mated as 0.32 kgCO2/m2/month ; this result is close to the result using the VIPD.
Both NPP estimations agree with the NPP (0.32 kgCO2/m2/month) estimated from forest survey data which was described in section 3. Figure 8 The relationship of the reflectance and phase angle based on the simulated GLI observation conditions, where the solar zenith and view zenith were set between 10-60ß and 0-45ß, respectively. With all solar zenith and view zenith combinations, the phase angle ranged from 0 to 120ß, and the relative azimuth was set to 0ß, 45ß, 90ß, 135ß, and 180ß.
decreasing rates are 70, 69, 67, 59, and 60% corre sponding to bands 8, 13, 15, 17, and 19, respectively.
In other words, different bands have different BRDF effects. Generally, for the same phase angle, the reflectance values were very close. These results
show that the phase angle is a suitable parameter for evaluating BRDF effects within the simulated GLI observing conditions.
Using the phase angle as a parameter, the effects of BRDF on the VIPD and NDVI determined from the BRF observations were analyzed. Figure 9 dis plays the relationships between the phase angle and VIPD or NDVI. For Figure 9 , the VIPD and NDVI values were calculated from the reflectances mea Figure 9 The relationship between the phase angle and NDVI (left) or VIPD (right). Here, the VIPDs and NDVIs were calculated from the reflectance that was measured during the BRF observations. The phase angle was divided into 5ß, increments in the same range of values as the average values and standard deviations for the VIPD and NDVI.
sured during the BRF observations. The smallest BRDF effects occurred when the phase angle was 0ß,
i.e., the solar and view positions aligned. Figure  10 shows the results. Figure  11 lists the NPP estimated from the VIPD. The NDVI in Figure  10 and VIPD in Figure  11 have the same tendency as those shown in Figure  9 . Figure 10 The influence of BRDF effects over one year on the vegetation index NDVI at one BRF observation site (34.3435ßN, 136.0248ßE ; WGS84) and NPP estimated from the NDVI. The conditions were based on the GLI observation conditions. Figure 11 The influence of BRDF effects over one year on the vegetation index VIPD at one BRF observation site (34.3435ßN, 136.0248ßE ; WGS84) and NPP estimated from the VIPD. The conditions were based on the GLI observation conditions. ness of overlapped leaves until becoming saturated (Yamamoto et al., 1995; Furumi et al., 1998) . This conclusion suggests that NDVI has a low sensitivity to the thickness of leaves, such as that in a forest with dense leaves, and tall trees. The thickness of leaves changes with the changes in the solar zenith or view zenith. On the other hand, from equation (17), BRDF effect on NDVI is restrained because both denominator and numerator include the two bands (the red band and near infrared band), and the differences in BRDF effect in these two bands lead to increase of NDVI with the decrease of phase angle. In equation (15), BRDF effect on VIPD is expressed by the sum of the reflectance of all bands.
So the VIPD is more sensitive to the BRDF effects than the NDVI. For the next few years, the survey of the Japanese cedar forest described in this study will continue in order to obtain more accurate ground data related to tree growth.
Appendix
The following data are being collected at the forest site : tree circumference at breast height (1.2 m above ground level), tree height, amount of the withering, and quantity of dead leaves. Although more than 2 years have passed since data collection began, there are not yet enough data to accurately estimate NPP. However, we can roughly estimate NPP (Furumi et al., 2005b For calculating the dry weight, a sample tree was selected and measured as 293.8 kg/m3. From this sample tree, the relationship between the weight of aboveground parts of the tree and the trunk could be expressed as follows :
For the tree roots, the ratio of the dry weight of aboveground parts to the dry weight of underground parts (T/F) was assumed to be 3.5. 
